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\Ve have prepared radioactive DNA (cDNA,,,,.) complemeiitary to nucleotide 
sequences which represent at loast a portion of t,lits viral gene(s) required for 
neoplastic transformation of fibrobla& by an avian sarcoma virus. The genetic 
complexity of cDNA,,,, (-1600 nnc1oot;ides) is snfficient to ropresent an entiro 
cistron. The genomes of three independent, isolates of avian sarcoma viruses 
share nucleotide sequenccs closely rela.ted to cDNA,,,,, whereas the sequences 
are absent from transformrttiori-def~ct.ivu mutants of avian sarcoma viruses, 
sc.\wral avirtn leukosis virusus, tt ~ion-pat,liogeriic endogenous virus of chickens 
(1tow-associat.ed virus-O), sarcoma-leukosis vimscx of mico and cats, and mouse 
inammary tumor virus. Wf+ conclude t.hat tho t,ransfonning gene(s) of all avian 
sarcoma viruses have closely related or common genetic lineages distinct from 
tho t,ransforming genes in smmna viruses of othor species. Our results conform 
t,o previous reports that t~aiisformatioti-deft.cti\.s variants of avian sarcoma 
\.inism arc itiutants wit,h idrriticd regions dolctcwl from oach subunit of R polyploid 
gcriomct. 

1. Introduction 
l n f t 4 o u  of fibroblasts by certain strains of RNA tumor viruses can lead to  neoplastic 
transformation of the host cells (Temin. 1971). Genetic analywq have implicated 
specific viral genes in the transforming process (Martin, 1970: Kawai & Hanafusa. 
1971: Bader, 1972), but the nature of these genes and the means by which their 
expression is regulated are not known. To facilita t#e investigation of these issues. w t b  

have prepared radioactive DNA complementar! t o  nucleotide sequences H hicli 
represent at least a portion of the viral gene@) rtyuired for transformation of fibro- 
blasts by AS virus$; we have denoted this specific DNA as cDRA,,,,. 

Our procedure to  isolate cDNA,,,, exploits the existence of genetic variants of AS 
viruses which cannot induce sarcomas in animals or transform fibroblasts in culture : 

t Present address: I.R.S.C., B.P. 8,  94800-Villejuif, Frsncc3. 
.A hbreviations used: AS virus. avian sarcoma virus : ttl, transformation defective: Pr-C’, 

I’ragiir .;train-subgroup C ;  B77-C‘. Bratislava 77-subgroup (‘; cI~PU’A,,,,, single-stranded DNA 
cv~mplirmcntary to  nucleotide sequences foiintl in tht. genome of AS virILses but not in the genome 
o f  ttL qogregants; cDNA,,,, singlo qtrancied 119.4 complcmwntary to part or all of the genome 
of’ 1377-C! AS virus. 
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these transformation-defective strains are deletion mutants which arc segrcgat c d  
during propagation of cloned AS viruses (Duesberg & Vogt, 1970,1!K3a,h ; Yogt, 197 1 . 
Martin t Duesberg, 1972) and which lack 10 to 2OC),, of the genetic information in thct 
parental virus (Duesberg & Vogt, 19736; Lai et al., 1973; Neimaii et nl.. 1974). Single- 
stranded DNA complementary to the genome of AS virus was prepared by standard 
techniques, using the RNA-directed polymerase activity of detergent-activated 
virions (Temin & Baltimore, 1972). DNA specific for the nucleotidr sequences deleted 
from the genome of a td variant was then isolated by exhaustive h.vhridization uith 
RNA from the td strain and the parental AS virus. Tho present communication 
describes the details of this preparation, documents some physical and chemical 
properties of cDNA,,,,, and explores the distribution of nucleotide sequences homo- 
logous t o  cDNA,,,, among various strains of RNA tumor viruses. 

2. Materials and Methods 
(a) Reagents and solutions 

Reagents were obtained as follows : hydroxylapatite from BioRad ; actinomycin D 
from Calbiochem; deoxynucleoside triphosphates froin Schwartz-Mann; carrier-freo 
[32P]orthophosphate and [ a32P]TTP (50 to 150 Ci/mmol) from International Chemical and 
Nuclear Corp; [3H]TTP (57 Ci/mmol) from Schwartz-Mann ; RNase A from Worthing- 
ton Biochemicals ; Nonidet-P40 from Shell Chemical Co ; diethylpyrocarbonate from 
Sigma Chemical Co. S1 nuclease was prepared as doscribed by Sutton (1971). Sodium 
phosphate buffers, pH 6.8, were prepared by mixing equal parts of Na2HP04 and NaH, 
PO4. Solutions were treated with dietliylpyrocarbonate (0.1 "/o v/v) to inactivato con- 
taminating nucleases. 

(b) Cells cmd viru8e.r 
Viruses were propagated in chick ombryo fibroblast,s as described previously (Bishop 

et al., 1970). Cloned Pr-C AS virus was grown Crom single colonies of transformed chicken 
cells provided by P. Vogt. Pr-C AS virus was also obtained as concentrated suspensions 
from University Laboratories Inc., Highland Park, N.J. (through t,he auspices of tht! 
Office of Program Resources and Logistics, National Cancer Institute). Approximately 
50% of the virus from University Laborat,ories consisted of td variants, whereas the Pr-C 
AS virus from P. Vogt contained no detectable td particles when measured by molecular 
hybridization (unpublished results). A high titor isolate of B77-C AS virus was originally 
obtained from R. Friis ; after repeated passage in our laboratory, this virus now consists 
mainly of td variants (-90% of theparticles; unpublished rosdts) b u t  retains a high titer 
of transforming virus ( > lo7 focus-forming units per ml). Transformation-defective 
variants of Pr-C and B77-C AS virus, isolated as doscribed previously (Vogt, 1971), were 
obtained from P. Vogt; both variant strains havo been shown to bo deletion mubant,s 
(Duesberg & Vogt, 1973u,b; Lai et al., 1973). 

Other viruses were obtained as follows: the Schmidt-Ruppin and Bryan strains of AS 
virus from H. Rubin; the Carr-Zilber and Fujinami strains of AS virus, Rous-associated 
virus-2, Rous-associatod virus-0, Rous-msociatod virus-6, Kous-a.suociated virus-50, 
and avian myeloblastoisis virus from Y. Vogt; ring-necked pheasant virus from D. Frijita 
(this is a non-transforming virus whielr is probably a recombinant between an ondo- 
genous virus of ring-necked pheasants a i d  tkw Bryan st.rain of AS virus, see Fujita et al.,  
1974) ; Moloney strain of murine sarcoma-loukemia virus and the Rickard strain of 
feline sarcoma-leukemia virus from Electronucleonics Inc. ; murine mammary tumor virus 
(purified from the milk of tumor-bearing RTII mice) from N. Sarkar and D. Moore; and 
visna virus from A. Haase. Viruses werc recoived as purified concentrates or were purified 
from culture medium as described previously (Bishop et al., 1970). For preparation of viral 
RNA, virus was frequently extracted after sedimentation into a pellet (19,000 revs/min, 
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90 min, 4"C, Spinco L19 rotor) ; this procedure, performed directly on culture media after 
clarification (9000 g, 10 min, 4 T ) ,  provided satisfactory yields of viral RNA and obviated 
t.he need for more extensive purification of the virus. 

(c) Preparation of virus-specific DLL'A 
Reaction mixtures contained Pr-C AS virus (-2.0 mg protein/ml); 0.1 M-Tris.HC1 

(pH 8*1), 8 mM-MgCl,, 2% (v/v) p-mercaptoethanol, tictinomycin D (100 pg/ml), unlabeled 
dATP, dCTP and dGTP (each 2 x 1 0 - 4 ~ ) ,  [3H]dTTP (5  x 0.3 mCi/ml), and Nonidet- 
P40 (0.08% v/v). The reaction mixture was supplemented with unlabeled dATP, dCTP 
mid dGTP (to 4 x X) at  4 h, and incubation continued for 18 h at 37°C. The enzymatic 
product was extracted and fractionated into single and double-stranded DNA by elution 
from hydroxylapatite as described previously (Fanshier et al., 1971). The eluates were 
treated with 0.3 N-NaOH (37OC 2 h) ,  neutralized, and DNA recovered by precipitation 
with cetyltrimothylammonium bromide. The DNA had a specific activity of 2 x IO7 
cts/min per pg, computed from the specifications for the isotope furnished by the supplier. 
Single-stranded DNA complementary to the genome of B77-C AS virus was prepared iii 
an identical manner, using [a32P]dATP at 2 x M (0.25 mCi/rnl); the specific activity 
of the DNA was 2 x lo7 to 10 x lo7 cts/min per pg when used. 

RNA was oxtract,ed from virus as described pre\ioiisly (Quintrell et al., 1974); the 
organic extractant consisted of phenol and chloroform (mixocl in a ratio of 2 : l) .  Viral 
KNA was separated into its 50 S and low m h x i l m  weight constituents by rate-zonal 
cwitrifugation (Bishop et al., 1970). To prepare high molecular weight subunits (-35 S) 
(if the viral genome (Duesberg, 1968; Erikson, 1969), virus was harvested at intervals of 
(i 1 1 ;  70 S RNA was purified, denatured in 97% dimut.1iylsulfoxide (25°C for 30 rnin), ailti 
fractionated by rato-zonal cantrifiigatiori (Bishop et al.,  1970). 32P-labeled viral RNA was 
prepared at  specific act.iirit,ics of 1 ;*' 107 tci 3 ;< IO7 r f n h i i i  I)c:r pg :is described prcviniisly 
(Qiiiiit.roll et a/.. 1974). 

((1) Molecular hybridiratiou 
Itcsactions were carried out in eithcr 0.6 N or 0-9 x-NaCI, containing 0.02 M-TrisHCl 

(pH 7.4) and 0.01 M-EDTA. Hybridization of DNA was measured by hydrolysis with 81 
Iiiiolease as described previously (Leong et al., l9 i2) ,  and hybridization of RNA by 
hydrolysis with RNase A (50 pg/ml in 0.3 M-NaCl, 0.03 M-sodium citrate, 37"C, 45 min) 
(Quintrell et al., 1974). Nucleic acids were prepared for scintillation counting by precipita- 
tion with perchloric acid and collection on glass fiber filters. Results of hybridization were 
expressed as a function of Cot (concentration of DNA (mol/l) x t.ime (s) ; see Britten & 
Kohne, 1968) or C,t (concentration of RNA (mol/l)x t'ime ( 6 ) ;  see Leong et al.. 1972), 
corrontod to st,a.ndard conditions (Britten & Smith, 1970). 

( e )  Chromatography on hydroxylapatite 
Suspensions of hydroxylapatite (1 g in 5 ml 0.01 ar-sodium phosphate) were boiled for 

10 min prior to use and columns formed by pouring the equivalent of about 0.5 ml packed 
volume of hydroxylapatite into a pipette plugged with glass wool. The columns were 
maintained at 60°C with a circulating water bath. Samples were loaded in 0.01 M-sodium 
phosphate, followed by washing with tho same buffer. A linear gradient (10 ml total) of 
sodium phosphate (0.01 M to 0.16 M )  was then applied to the hydroxylapatite column with 
a peristaltic pump (flow rate approx. 0.4 ml/min) ; 0.8-ml fractions were collected. At the 
cmd of the gradient, the column was washed with 0.4 ra-sodium phosphate. A portion of 
nach fraction was analyzed for ridloactive material by precipitation with perchloric acid. 
'l'hn pliosphate concentration u LLS determined by moilsurement of refractive index. 

( f )  Precipitation of nctcleic acids with cetyltrimethylammonium bromide 
Niicleic acids were recovered from phosphate buffers by a slight modification of the 

procedure described by Reitz et al. (1972). After addition of nuclease-free carriers (10 pg 
of heat denatured calf thymus DNA/ml and 100 p g  of yeast RNA/ml), the nucleic acids 
were precipitated by adjusting the solution t o  5 I~M-cetyltrimethylammonium bromide. 
The ruspension was kept a t  0°C for 10 min, and centrifuged for 10 min at 16,000 g. Traces 



3. Results 
(a) Strategy for the preparation of cl)NA,,,, 

The general strategy for isolation of cDNA,,,, is presented in Figure 1 .  Single- 
stranded DNA complementary to the genome of AS virus is prepared by conventional 
techniques and annealed to RNA from a td variant; the DNA which fails to anneal, 
representing viral nucleotide sequences absent from the genome of the deletion mutant, 
should be separable from RNAIDR’A hybrids by chromatography on hydroxylapatitc. 

Pr-C AS virus td Pr-C AS virus 

Hybridization 

Transforming 
genek) 

Synthesis 
and 

isolation 

of 
complemen- 
tary DNA 

- 
___----  

JH ydroxy lapot ite JH ydroxy lapot ite 

FIG. 1. Strategy for the preparation of cDNA,,,,. 
Radioactive DNA complementary t’o the genome of AS virus was synthesized with detergent,- 

activated virions, released from template RNA by hydrolysis with RNase, purified by chromato- 
graphy on hydroxylepatite, and then annealed with a large excess of 70 S RNA from the deletion 
mutant td Pr-C AS virua. DNA which failed to anneal (cDNA.,,,) was purified by chromatography 
on hydroxylapatite and should correspond to the nucleotide sequences deleted from the genome 
of the parental sarcoma virus in the genesis of the t d  variant. 4 s  explained in the text, several 
modifications of this procedure proved necessary to effect satisfactory purification of cDNA,,,,. 
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hi  practice, we found it necessary to modify this schcmt i n  order to circunivent, several 
major difficulties. 

(i) High resolution chromatography on hydroxylupafitr 

VC’r anticipated that cDNA,,,, would not comprise a major portion of the DNA 
transcribed from AS virus RNA by reverse transcriptase (cf. Table 1). Consequently. 
effective separation of cDNA,,,, from DNA hybridizcd to td RNA required exceptional 

TABLE 1 
Pwi$cutiotr of cDNA,,,,  for Pr-C A S  cirus 

DNA recovrrud as 
Stop in purification Single strand Hybrid 

(ctaimin) (ctrjmiii) 
_. - .. 

Single-stranded DNA (4.2 pg, 84 x 
I O 6  cts/min) hybridized with 10 pg 
70 S RNA of Pr-C AS virw: 
final C$ = 100 
I)NA rccovored as hybrid in step (a) 6 x lo6 1 3  1 0 6  

25 Y 10”  30 4 10” 

hybridized to 40 pg 70 8 RNA of td 
Pr-C AS virus; 
final C,.t = 200 
Single-stranded DNA from step (b) 4 x 106  
rechromatographed on hydroxyla- - 
patite 
Single-stranded DNA from step ( c )  2.5 x IO6 7 104 
hybrldmd with 10 p g  70 S RNA of 
t t l  Pr-C AS virus; 
final C,t = 100 
Single-stranded DNA from stop (d) 

- 

- 

6 A lo5 
hybridized with 8 pg 7 0 s  RNA - 
from Pr-C AS virus; 
final C,t = 25 

1.1 1 1 0 6  

Recovery of 
D N 4  in 

st,rp (OO) 

(iH 

60 

80 

6:l 

68 

Cumulative 
recovery of 
I)XA (7”) 

68 

41 

33 

21 

14 

chromatographic resolution. We achieved the necessary fractionation hy eluting 
single-stranded DNA from hydroxylapatite with a shallow gradient of sodium phos- 
phate, followed by elution of viral RNA and RNA/DNA hybrids with a wash of 
0.4 M-sodium phosphate; the resolution provided by this procedure is illustrated in 
Figure 2. No effort was made to separate viral RNA from hybrids : this is a difficult 
if not impossible separation to accomplish in the present instance because the chrom- 
atographic behavior of the hybrids is determined by the RNA constituent, whose mass 
exceeds the mass of DNA constituents by a factor of at least. ten (Fanshier et al.. 
1971). 

(ii) SelPction of virus-specific D N A  and removal of reiterated nucleotide sequences 

Prior to selection of cDNA,,,,, the entire preparation of virus-specific single- 
stranded DNA was annealed with a limiting amount of AS virus 70 S RNA (RNA/DNA 
ratio 2), and the DNA which failed to hybridize to RNA was removed by chrom- 
atography on hydroxylapatite (step (a), Fig. 3). This procedure served two purposes. 
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Fractions 

FIG. 2. Fractionation of nucleic acids by chromatography on hydroxylapatite. 
Chromatography on columns of hydroxylapatite was carried out as described under Materials 

and Methods. (a) Fractionation of single-stranded [3H]DNA prepared with detergent-activated 
virions of AS virus (-@-@-) and 70 S [3aP]RNA from Pr-C AS virus (--V --V --). (b) Elu- 
tion of RNA/DNA hybrid (-O-O-), formed by reacting vim-specific single-stranded 
[3H]DNA with a large excess of unlabeled 70 S RNA of Pr-C AS viruq. In both panels, the gradients 
of sodium phosphate are depicted as (--O-IJ-). 

First, i t  ensured the virus-specific nature of the DNA by discarding transcripts from 
cellular RNA included in viral particles (Garapin et al., 1973). Second, by limiting the 
amount of RNA available for hybridization, reiterated nucleotide sequences which 
are abundant in the initial enzymatic product (Garapin et al., 1973) were preferentially 
discarded; this simplified the logistics of subsequent steps in the preparation of 
CDNAS,,,. 

(iii) Xtabilization of RNAIDNA hybrids during chromatography on hydroxylupatite 

Initial preparations of cDNA,,,, were purified by fractionation with sodium phos- 
phate on hydroxylapatite following hybridization with td 70 S RNA. The putative 
cDN&,,, failed to hybridize to td RNA when retested on hydroxylapatite (Fig. 4(a)), 
yet hybridized as much aa 60% when tested with S1 nuclease. We speculated that the 
hybrids detected by the nuclease were disrupted by the standard conditions for 
loading hydroxylapatite (0.01 M-sodium phosphate, SOOC) and tested this hypothesis 
by adding 0-6 M-NaCl to all of the solutions used for chromatography. The resolution 
achieved by chromatography was unaffected by the addition of 0.6 M-N~CI to the 
elution buffers, but the procedure now detected hybrids in amounts approximately 
equivalent to those detected by hydrolysis with S1 nuclease (Fig. 4(b)). Consequently, 
all solutions were supplemented with 0-6 M-NaCl for the preparative chromatographies 
which followed hybridization of DNA to td RNA (Fig. 3, steps (b), (c) and (d)). 
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R-C i Step i e )  
70 T? RNA 

Fmc trons i--- --- 
Fro. 3. Purification of cDNA.,,,: schematic summary. 

Step (a). Single-stranded [3H]DNA synthesized with Pr-C AS virus and isolated as described 
under Materials and Methods wae hybridized to Pr-C AS virus 70 S RNA. RNA/DNA hybrids 
were purified by fractionation on hydroxylapatite and the DNA recovered after hydrolysis of 
RNA with alkali. 

Step (b). The DNA recovered from hybrid in step (a) was annealed to a large excess of 70 S 
RNA from td Pr-C AS virus; the DNA remaining unhybridized wae isolated by fractionation on 
hydroxylapatite in 0.6 M-NaCl. 

Step (0 ) .  Unhybridized DNA recovered in step (b) was rachromatographed on hydroxylapatite 
in the presence of 0.6 M-NaC1. 

Step (d). Single-stranded DNA recovered from the column in step (c) was annealed with B large 
excess of 70 S RNA from td  Pr-C AS virus, then chromatographed on hydroxylapatite in the 
presence of 0.6 M-NaCI. 

Step (e). The unhybridized (single-stranded) DNA recovered from hydroxylapatite in step (d) 
was annealed with a large excess of Pr-C AS virus 70 S RNA as a final selection for virus-specific 
nucleotide sequences. RNA/DNA hybrids were isolated by chromatography on hydroxylapatite, 
and the DNA recovered from the hybrids by hydrolysis with alkali was designated cDNA,,,. 

Experimental details for these steps are provided in Table 1. Stippled areas represent material 
poolod for subsequent steps. 
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FIG. 4. Stabilization of HNA/DNA hybrids for chromatography on hydroxylapatit,o. 
Single-stranded [3H]DNA (10 ng, 2 x lo6 ctslmin) synthesized with Pr-C AS virus and isolated as 

described under Materials and Methods was hybridized to unlabeled 70 S RNA of td  Pr-C AS 
virus (10 pg; final C,t = 200 mol.s/l). The unhybridized DNA was isolated by Chromatography 
on hydroxylapatite and rehybridized to 70 8 RNA of td  Pr-C AS virus; SOY/ ,  of the DNA way 
resistant to hydrolysis by 61 nuclease a t  the conclusion of the hybridization (unhybridized DNA 
was 7 % resistant to hydrolysis). The nucleic acids were then fractionated on hydroxylapatih, 
using either the conventional phosphate buffers (a) or buffer3 supplemented wit.h 0.6 M-NaCI (b) .  
---o-O--, 3H radioactivity (ct,s/min); ---1 pa--, gradients of sodium phosphato. 

(b) Preparation of cDNA,,,, for Pr-c) AS virus 
Following the protocol explained above and outlined in Figure 3 and Table 1. 

we isolated about 55 ng (-1.1 x IO6 cts/min) of cDNA,,,, from 4.2 pg (-84 x lo6 
cts/min) of single-stranded DNA synthesized with Pr-C AS virus. Two steps in the 
procedure proved unnecessary and have been omitted from subsequent preparations. 
First, the rechromatography on hydroxylapatite a t  step (c) did not effect significant 
further purification of the single-stranded DNA. Second, repeated hybridization of 
DNA with td RNA (step (d)) proved superfluous; use of a sufficient excess of td RNA 
in the first hybridization (step (b)) removed all virus-specific deoxynucleotide se- 
quences not represented in the deleted region of the viral genome. In the preparation 
outlined, about 5% of the complementary DNA annealed with td RNA and 770/,, 
annealed with AS virus RNA after step (b). Therefore, the subsequent steps made only 
modest improvements in the purity of cDNA,,,, (cf. Fig. 6), but they caused consider- 
able losses (cf. Table 1). 
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Ahout 1.3q4, of the single-stranded complementary DSA synthesized with Pr-C .A6 
virus was recovered as cDKX,,~,. By correction for the cumulative losses of DSA 
during the course of the procedure (see Table 1). we compute that  cD?;d,,,, compristd 
approximately 9"; of the original single-stranded enzymatic product. This single 
preparation of cTIXA,,,, I\ as used in all of thtx st uctitbs I\ hirh follow. 

(c) Q i i P  of c z ) S k l \ u r c  

T h v  molecular weights of [3HIcDSd,,,, for Pr4' AS virus and I 32~'I~DS~As77 vcre 
compared by rate-zonal centrifugation (Fig. 5 )  Thr t\t o preparations of DXA 
sedirnented similarly, with average sedimrnt,ation coeffirients (in 0.1 M-KRCI. pH 7 )  

Fractions 

FIG. 5. Analysis of virus-specific DNAs by rate-zonal centrifugation. 
L 3  H]cI)NA,,,, (3000 cts/min) of Pr-C AS virus and [32F']~DN.A,,, (5000 ct,R/min) were sedimcnt ed 

bhrough a gradient of 15% to 3011 (w/v) sucrose containing 0.1 Bi-NaC11, 0.001 x-EDTA, 0.02 xi -  
Tris.HCI (pH 7.4). Centrifugation was carried out in a Spinco Sm'6R rotor ( 1 7  h, 64,000 mvs/niin, 
4'.'C). Gradients were fractionated and analyzed for acic~-precipitahb ratLioacBivit,y (Bishop 
e/ (11 . .  1970). Sedimentation was from right to loft. 

. . . . . ., 32P (ct,s/min); ---z--o--, 3H (ctn/miti). 

of ahout 4 8. This finding conforms to previous studies on unselected reverse trans- 
criptase product (Temin & Baltimore, 1972) and indicat>rs that molecular size IZ as not 
;I major determinant in the selection of cDNA,,,, . 

(d) Spc<$city (purity) of cl)LV445a,L 
The specificity of cDNA,,,. was examined by hybridization ~ i t h  70 S RNAs froin 

cloned Pr-C AS virus and td Pr-C AS virus (Fig. 6);  [32P]cDNA,,, was included in the 
reactions to serve as an internal standard for hybridization. Both complementary 
DNAs hybridized completely with Pr-C AS virus RNA with identical kinetics. This is 
the expected result, since the reactions are driven by a vast excess of Rh'A and are 
not appreciably affected by the complexities of the two populations of DPU'A. Only 
the cDNA,,, reacted with RX.4 from the td variant (Fig. fi(b)). 

Tht> preparation of cDNA,,,, was designed to rnsure the isolation of virus-specific 
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 IO-^ IO-* 10-1 100 10-3 10-2 IO-' 100 

C,t (mol xs / l i te r )  
( a )  ( b )  

FIG. 6. Specificity of cDNA,,,,. 
The 70 S RNAs of Pr-C AS virus (a) and td Pr-C AS virus (b) were hybridized with [3aY]cDNAB77 

(-- 0-- 0--) and [3H]cDNA,,,, of Pr-C AS virus (-*-e-) in 20 pl of annealing buffer 
containing 0-9 M-NaCl. Individual reactions contained 0.02 ng (1000 ctslmin) of [32P]DNA, 0.03 ng 
(600 ctslmin) of [3H]DNA, and amounts of RNA varying from 0.1 ng to 300 ng; incubations 
were at 68°C for 4 h. Extent of hybridization was measured by hydrolysis with S1 
Resistance of unannealed complementary DNAs t,o S1 nuclease was less than 376. 

nuclease. 

I I I 

10-3 10-2 IO-' 100 10-3 10-2 IO-' 100 

C,t (rnolx s/liter) 
( a )  ( b )  

Fro. 7. Hybridization of CDNA.,,, with native RNA and genome subunits of Yr-C: AS viruti. 
The 70 S RNA of Pr-C AS virus was purified and a portion denatured for the isolation of 46 S 

subunits by rate-zonal centrifugation as described under Materiale and Methods. The virus 
used in this work contained an appreciable amount ( -  60% of virus particles) of t d  mutants 
(unpublished data). Native RNA (0.0004 pg t o  0.3 pg per sample) and subunits (0.0003 pg to  
1 pg per sample) were reacted separately with mixtures of [3P]cDNA,,,, (-@-@-) (800 
cts/min and 0.04 ng per sample) and [3aP]~DNA,7, (-- 0-- 0--) (800 ctslmin and 0.02 ng per 
sample) in annealing buffer containing 0.6 M-NaC1 at 68°C. The extent of hybridization was 
measured by hydrolysis with S1 nuclease. 

(a) Native RNA; (b) RNA subunits. 
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nucleotide sequences ; two observations indicate that this was in fact accomplished. 
First, cDNA,,,, and cDNA,,, hybridized with RKA from cloned Pr-C AS virus with 
identical kinetics (Fig. 6(a)); this would not occur if cDKA,,,, were transcribed from 
a minor contaminant of RNA in the virus. Second, we denatured the 70 S RNA of 
Pr-C AS virus, isolated 35 S subunits of the viral genome by rate-zonal centrifugation, 
and found that these hybridized a t  the same rates as the native 70 S RNA with 
cDNA,,,, and cDNA,,, (Fig. 7) .  The two DNAs hybridized a t  slightly different rates; 
we attribute this to the presence of t d  genomes in the viral RNA (see Discussion). We 
conclude that cDNA,,,, contains virus-specific nucleotide sequences present in the 
genome of Pr-C AS virus but deleted from the RSA of a t d  variant. 

(e) Genetic complexity of the nucleotide sequences i n  cDNA,,,, 
We used molecular hybridization to determine what fraction of the viral genome 

was represented in cDNASar, and whether the representation was uniform. 32P- 
labeled 70 S RNA of cloned Pr-C AS virus was hybridized with cDNA,,,, under two 
sets of conditions. First, the hybridization was carried out for various periods of time 
with equivalent amounts of RNA and DNA. This reaction was complete when 16q/; 
of the RNA had hybridized (Fig. 8(a)) ; hence, the cDNA,,,, represents approximately 

/*-- 
i 
i 

 IO-^ 10-2 
Cot (mol xslliter) Ratio of complementary nucleotide 

sequences (DNA/RNA) 
( a )  ( b )  

Fro. 8. Genet,ic complexity of the nucleotide sequences in cDNA,.,,. 
32P-labeled 70 S RNA ( N 2 x lo' ctslmin per pg) of cloned Pr-C AS virus waa hybridized with 

[3H]cI)NA,,,, a t  68°C in annealing buffer containing 0.6 M-NaCl. Extent of hybridization of the 
RNA was measured by hydrolysis with RNase A described under Materials and Methods. 
The data have been corrected for the intrinsic resistance of viral RNA to hydrolysis by RNase 
( - 2 % ) .  Two sets of conditions were employed, as follows. (a) The cDNA,,,, and [9?]RNA 
were mixed at a constant ratio (ZOO0 ctslmin and 0.1 ng of RNA, 2000 ctslmin and 0.1 ng of 
cDNAgapC) in 4 p1 and incubated at 68°C to the indicated values of Cot (computed from the con- 
centration of the DNA alone, with incubation periods ranging from 10 min to 40 h) ;  the 2 highest 
values of Cot were obtained by increasing the amount, of complemontary DNA in t,he reactiom 
to 1 ng. 

(b) A constant amount. of [3zP]RNA (20,000 ctslmin and 1 ng) w w  incubated with different 
amounts of cDNA,.,, (-0.03 to 1.6 ng) for 40 h ;  the value of Cot ( - 6 x  mol.s/l computed 
from t,he concent,ration of DNA (26 nglml)) was held constant by varying the reaction volume. 
Two low ratios of oomplementary DNA/RNA (0.05 and 0.09) were achieved by increasing t'he 
amount of RNA in the reactions to 200,000 ctslmin (10 ng) and using appropriate amounts of 
complementary DNA; this variation was necessary to maintain a practicable reaction volume. 
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ot thc. €'I,-(' .IS V I I U S  pwomc. iilitl n a ~  ;tc.tlt;lII.v 1 1 1  hc+\rcanfol(I ('X('(*SS o f  ( Y ) I I ~ -  

p l ( m r n t a r ~ ~  ii1)onuelcotide scqurnccs 111 the hyl)ridization i~wchtioii SFYYIIICI. I\ ( t  

pvrfornied hybridizations in \\ l i i rh  tlic valutb of (fat \vas held cotistmit (-5 
~no l~s / l .  (~host~n on the basis of the dnt>n i n  Fig. 8(a)) and the riitio of C D K . - I \ ~ ~ ~  to 
PI,-C AS virus 7 0  S RNA was varied over D widr range (Fig. S ( 1 ) ) ) .  A s  hefore. a maxi- 
niuni of 16",, of the viral RNA wis hybridized: saturation \4as rtw:liid at ;I. rittio of 
complementary nucleotide sequences (DNA/Rh'A) of ;tpproxiniatt.l>. 3 .  I 

R e  conclude that cDDNA,,,, is il relatively uniform transcript froin lSo0 of thc 
nucleotidc sequences in the genome of Yr-C AS virus : this valuc. conforms to  previous 
(.stirnates of the size of thc deletion in the strain of' td Pr-C AS \ I I W  used in our 
oxptviriirnts (Dueslwg & Vogt. 1973n ; Lai et nl . 1973) i t d  indictLtw that (.DNA,,,, 
rrprestwts the entire deletion. Since thc unit genomch of AS virus IS thought to contain 
10,000 nucleotides (Beemon et nl., 1974: Billeter et trl . l974), the genetic. complexity 
of cDNA,,,, is a1)out. I600 nucleotides. 

10 

( f )  Nuclpotl'dp wquences of cl)NA,,,, i t i  other strains of R N A  funlor viruses 
Tht: cDNA,,,, from PI,-C AS virus hybridized completely with genonie RNAs from 

six strains of AS virus (Table 2). including three strains (Carr-Zilber. Bryan and 
Schmidt-Kuppin) helicved to 1)o derived from tlw original isolati. of P. Rous. two 

TABLE 2 
Nucleotide wqupnces of c l ~ N A s u r c  distribution anbony different s traim of UNA 

furno7 viruws 

Viral RNA 
Hybridization to :t 

Pr-C AS virus 98 100 
R77-C AS virus 100 !Ki 
Cam-Zilber AS virus 95 100 
Schmidt-Ruppin AS virrw 100 ! I 3  
Bryan AS virus 97 !I4 
Fujinami AS virus 94 9" 
td I+-C AS virus !) 5 1 
td  B77-C B S  virus 100 1 
Rous-associated virus4 7'' 1 
Itow-associated virus-2 80 I )  
Rous-associated virus-6 82 I )  
Rous-associated virus-50 80 1 
Avian myeloblastosis viruv - > 
Ring-necked pheasant virus x4 I 
Murine sarcoma-leukosis virus (Moloney) I l t#$  I )  
Feline sarcoma-leukosis virus (Rickard) Il t ,  0 
Murine mammary tumor virus (RIII) Ilt. 0 

X I  

Visna virus nt. 0 

t [3H]cDNA,,r., of Pr-C AS virus and [32P]~DNA,,7 were hybridized wkh 70 S RNAs obtained 
from tho indicated viruses; incubat,ion of 600 to 1000 ctslmin of each complementary DNA was 
carried out in 0.6 ix-NaC1 a t  68°C to a final C,t of a t  lcast 50 mol.s/l (t.he C,t, for 70 S RNA is - 2 x rnol.s/l; sco Taylor et nl., 1974). The extent, of hybridization was measured by hydroly- 
sis with S1 nuclease (Leong et nl. ,  1972); resistance of unhybridized complementary DNAs t.0 S1 
nuclease was less than 3%. 

$ nt  denotes not tested. The RNAs from the mammalian viruses were tested with homologous 
complementary DNAs and found to hybridize appropriately (data not shown). 
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independont, isolates (strains Bratislava 77 and Fujinami). and Prague strain which is  
of uncertain lineage (Morgan & Traub, 1964). By contrast, there was no detectable 
hybridization between cDNA,,,, and RNA from td variants of AS virus, avian leukosis 
viruses and a,n endogenous virus of chickens, Rous-associated virus-0 ; none of these 
virusvs can induce sarcomas in animals or transform fibroblasts in culture. In addition. 
PDSA,,,., failed t,o hybridize wibh the RXAs of tumor viruses from othw speciw 
(rnuri ne sarcoma-leukosis virus. feline sarcoma-leukosis virus and murine maminsrj. 
t,unior virus) and of the slow virus visna. [32P]cDNA,,, hybridized completely with 
REA from all of tjhe AS viruses tested and ext,ensively (70  to  Sri";,,) with RNA from 
t8he non-t.mnsforming avian viruses. 

Hybrids between Pr-C AS virus cDNA,,,, and RNA from either Pr-C AS virus 01' 

HiiT AS virus were indistinguishahle by t.hornin1 drnaturat,ion (Fig. 9) : tht. sam(> 

Temperature ("C) 
( a )  ( b )  

PIG. !). Thermal denaturation of RNAjDN.4 hybrids on hydroxylapatite. 
RNA/DNA hybrids were formed and their thermal denaturation analyzed by elution from 

hydroxylapatite as described under Materials and Methods. Data &re presented as cumulative 
elution nf [3H]cDNA,,,, (-0-@-) and [3aP] DNA,,, (-- C -- 0--) with increasing tem- 
perature. (a) Hybrids with 70 B R S A  of Pr-C AS virus. ( b )  Hybrids with 70  S RNA of R754' 
AS viriir. 

was true for hybrids formed with cDNA,,,. Hence, there is little difference in tht. 
nucleotide sequences homologous to either of the DNAs in the two strains of AS 
viruses. Although hybrids with cDNA,,,, had a t ,  5 degrees higher than that for. thtb 
hybrids with cDNA,,,, the uneven representation of the genome in cDNA,,, makes 
this difference difficult to  interpret. 

(g) Preparation of cDNA,,,, for R77-C AS  virus 
WP have used the methods described above to prepare cDNA,,,, for B77-C AS 

virus; the results were comparable to those obtained with Pr-C AS virus (data not 
shown). The cDKAsarc for B77-C AS virus represented a t  least 100, of the nucleotide 
sequences in the B77-C genome when tested as described for Figure 8, hybridized 
completely with all of the AS virus RNAs listed in Table 1, and failed to hybridize 
with RSAs from td variants. avian leukosis viruses, and mammalian C-type viruses. 



362 D. STEHELIN E T  A L .  

Analysis by thermal denaturation (as c1escrit)ed for Pig. 9) revealed 110 detact;tbltt 
mismatching in hybrids between C I I N A ~ ~ , . ~ ~  for B77-(: AS virus and R5.4 from Pr-c! 
AS virus. 

4. Discussion 
(a) Pur<fication of cDNA,,,,  

We have developed a method for the purification of DNA complementary to il. 

region deleted from the genome of a mutant virus. We have employed an avian sarcoma 
virus and a transformation-defective deletion mutant because the deleted sequences 
are of obvious biological interest. The general strategy, however, is potentially applic- 
able to several other situations : preparation of DNA specific for deletions present in 
other avian RNA tumor virus mutants (e.g. certain glycoprotein (Kawai & Hanafusa, 
1973) and reverse transcriptase (Hanafusa e6 al., 1972) mutants): DNA specific for 
sequences found exclusively in one of two related RNA tumor viruses ( e g .  sequences 
present in murine sarcoma virus but absent, from murine leukemia virus (Stephenson 
& Aaronson, 1971)); or DNA specific for any virus or cell when there is a closely 
related genome lacking the relevant sequences. A similar approach has been employed 
by Baxt & Spiegelman (1973) to enrich the DNA synthesized by human leukemic 
cell polymerases for nucleotide seyucnctls specific for leukemic as opposed to normal 
cell DNA. 

The scheme outlined in Figure 1 will lead to the co-purification of cDNA,,,, and 
any contaminating DNA present in the initial transcript unless a preparative anneal- 
ing to 70 S RNA from sarcoma virus (step (a)) is included. We have enlarged t h r  
benefits of this step by performing t,he annealing at, a relatively low ratio of sarcoma 
virus RNA to DNA. As a result, portions of DNA copied a t  high frequency from 
regions outside the deletion remain unannealed and are discarded with the small 
amount of DNA copied from cellular nucleic acids associated uith the virus particle 
(Garapin et al., 1973). Since we have used 70 S RNA for t-he selection procedures, it 
could be argued that we have purified DNA copied from some 70 S-associated 4 S or 
5 S RNA (Erikson & Erikson, 1971; Paras et al., 1973) found only in the transforming 
virus. We have excluded this possibility by showing that the purified cDNA,,,, 
anneals to  35 S subunits of the viral genome which have been dissociated from low 
molecular weight components of cellular origin (Fig. 7) ; in addition, we have shown 
t>hat CDNA,,,~ is a homogeneous transcript of IS:& of 70 S RNA (Fig. 8). Such a large 
component of 70 S RNA cannot be accounted for by cellular RNAs associated with 
t,he 70 S complex. 

We estimate that  cDNA,,,, constituted almost l00,b of the initisl transcript from 
the Pr-C AS virus genome; other portions of the AS virus genome may he represented 
more or less frequently in the enzymatic product (Garapin et al., 1973). The relativc 
frequency of transcription from the region of cDNA,,,, suggests to US that this region 
is reasonably close to the site for initiation of transcription from the AS virus genome. 
This suggestion raises a paradox, since the site for binding of the 4 H RNA molecule 
which primes DNA synthesis in vitro has been located a t  or near the 5‘ terminus of AS 
virus (Taylor & Illmensee, 1975), whereas the nucleotide sequences of cDiYA,,,, are 
close to the 3‘ terminus (Wang & Duesberg, 1974; also, unpublished observations of 
#J. Tal and the authors). Possibly the secondary structure of the vim1 genome juxta- 
poses the site of initiation of DNA synthesis and t,he cDPI’A,,,, region, permitting 
frequent transcription of cDNA,,,,. 
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(b) Genetic SpeciJicity and complexity of cDNA,,,, 
Results of recent genetic analyses indicate that AS virus may have a single gent' 

responsible for neoplastic transformation of fibroblasts (Wyke et al., 1974). The genetic 
complexity of cDNA,,,, (-1600 nucleotides) is sufficient to represent an  entire cistron 
and could reasonably account for the entirety of the transforming gene. It is also 
possible that the deletion by which cDNA,,,, was defined extends into other areas of 
the viral genome or represents nucleotide sequences required for a transforming 
function other t hitn that defined by availahle temperature-sensitive mutants (Wpke 
et nl.. 1974); on the other hand, td variants have no identified physiological deficit 
other than the defect in transformation and even rctain some oncogenic potential in 
the form of an ability to induce leukosis (Biggs et rcl . ,  1973). In  addition, neither t d  
variants nor avian leukosis viruses complement m y  of the known temperature- 
sensitive mutants for transformation (Wyke & Linial, 1973; Wyke et al., 1974; 
Bernstein, McCormick & Martin, unpublished results), suggesting that  they bear a 
deletion in the gene defined by such mutants. 

The genomes of avian RNA tumor viruses arc apparently composed of two or 
more identical subunits, each containing approximately 10,000 nucleotides (Beemon 
et al., 1974; Billeter et al., 1974); hence the genomes are considered genetically poly- 
ploid (Vogt, 1973; Duesberg & Vogt, 197315). The identical rates of hybridization of 
[32P]~DNAB,, and [3HjcDNA,,,, to RNA from a cloned AS virus (Fig. 6) indicate 
that the nucleotide sequences of cDNA,,,, are present in 70 S RNA in the same 
frequency as other gene sequences; it follows that the deleted nucleotide sequences 
are the same for each subunit, its has been concluded from other evidence (Duesherg 
& Vogt, 1970,1973b). 

RNA from uncloned (or repeatedly passaged) AS virus can give different rates of 
hybridization with cDNA,,, and cDNA,,,,; for example, there was a twofold differ- 
ence between the rates of the two reactions illustrated in Figure 7. These differences 
are attributable to  the fact that a portion of the viral RNA is composed of td genomes 
which can hybridize with the unfractionated cDNA,,, but not with cDNA,,,,. We 
have exploited these rate differences to measure the amounts of td variants in virus 
stocks (unpublished results). 

(c) Homology of nucleotide sequences in the genomes of avian BNA tumor viruses 

The strain of B77-C AS virus used to prepare single-stranded [3aP]DNA was 
comprised mainly (-90%) of td variants. Consequently, the DNA represents nucleo- 
tide sequences shared by td genomes and genomes of the parental AS virus; this 
accounts for the complete reaction between the [32P]cDNA,,, and the RNAs of td 
strains (Table 2). The [32P]cDNA,7, also reacted completely with RNAs from hetero- 
logous strains of AS virus (Table 2) and extensively (albeit not completely) with RNAs 
from several strains of avian leukosis viruses (Table 2) ; hybrids between the [32P]- 
C n S A B 7 7  and RNA from either B77-C AS virus (the homologous strain) or Pr-C AS 
virus (a heterologous strain) denatured in an  almost identical fashion (Fig. 9). These 
observations conform to  previous reports that extensive genetic homology exists 
among the avian RNA tumor viruses ; molecular hybridization has revealed no 
detertable differences among the various sarcoma viruses and only moderate differ- 
ences between the sarcoma and leukosis viruses (Kang & Temin, 1973; Wright & 
Neinian, 1974). 
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l ' h ( ~  close homology among the genomes of different AS viruws is rnirrorcd I I I  tht. 
studies with cDKA,,,,, which can hyhidize completely w i t h  RXA from six strains ot 
-IS virus. including three independent isolates (Tihle 2). Moreovc.r. nrialysis by t.htvmal 
denaturation revealed no detectable divergence in the nucleotidc3 sequences homolc )gous 
t o  cDNA,,,, in Pr-C and B77-C A4S viruses (Fig. 9). These data buggest closely relattd 
or common lineages for the genes of AH viruses. including the gcne(s) responsit)lt, fo1 
neoplastic transformation of fibrohlasts. Hou evw. chemical iinalyses capahit, ot 
detecting changes in single nucleotides have demonstrated differences among the 
transforming genes of several strains of A 8  virus (Beemon et ul.. 1974): thr extent of 
these differences cannot be assessed from available data, but our  results with thermal 
denaturation suggest less than 1 O o  mismatching of Pr-C cDNA,,,, annealed to R77-C' 
RNA (Ullman & McCarthy, 1973). 

The physical homology of transforming genes in different strains of A8 virus is not 
apparent in the genetic interactions of these viruses. Temperature-sensitive mutants 
of AS virus conditional for transformation can recombine genetically (see Wyke et al.. 
1974) only if the coinfecting mutants are derived from the same parental strain of AS 
virus (Wyke, 1973) ; hence. the physical homology between the interacting transforrn- 
ing genes does not suffice to permit genetic crossing-over (Beemon rl al.. 1974). 

(d) General utilhty of cl)NA,,,,  
Our success in preparing cDNA,,,, represents further confirmation of previous 

demonstrations that td  variants of B S  viruses are deletion mutants (Duesberg & Vogt, 
1970,1973b; Lai et al., 1973; Neiman et al.. 1974). The nucleotidesequencesincDNA,,,, 
represent most or all of the deletion for the td  strain employed by us and must there- 
fore include genetic information required for neoplastic transformation of fibroblasts. 
Hence, cDNA,,,, should facilitate the analysis of several problems central to  the study 
of RNA tumor viruses, including the following. (1) Are genes homologous or related 
to the transforming gene(s) of AS viruses present in uninfected cells and, if so. under 
what circumstances are they expressed( (2) Do the transforming genes of sarcoma 
(and carcinoma) viruses from different species share nucleotide sequences! Our 
limited survey to date suggests that they do not. ( 3 )  How is the expression of tram- 
forming gene(s) regulated in infected cells! 

This work was supported by Unit.ed States Public Health Servico grttrit. CAI 870.5, 
American Cancer Society grant VC-70s and Contract. NO 1CP33293 within Tlic Virus 
Cancer Program of the National Cancor Institute. Two of the authors (D.8. and l3.V.G.) 
were supported by fellowships from the C.N.R.S., Institiit de Recherches Scientifiyue sur  
le Cancer, Villejuif, France and tho California Division of the American Carrcor 8ociet.y 
(D-235), respectively. Another of the authors (H.E.V.) is n recipient of Kesoarcli Ca.r.cvr 
Development Award (CA70193) from tho National Caricrr Institute. 

iVt: thank P. Vogt and D. Prijita for the generous provisiori of sevwul \iriis stocks. 

REFERENCES 
Badrr, J. Y. (1972). J .  c'irol. 10, 267- 27fi. 
Haxt, W. G. & Spiegelman S. (1973). Prvc. Nut.  dcar i .  Scz.. L7.S.A. 70, 5737-3741. 
Beomon, K.,  Duesberg, P. t Vogt, P. (1974). Proc. Nut. Acad. Sei., U.S.A. 71, 4254 4258. 
Riggs, P. M., Milne, B. S., Graf. T. & Raiier, H. (1973). J .  Oen. L7irol. 18, 399-403. 
Billeter, M. A., ParsonR. *J. T. 8: Coffin, .J. M. (1974). I'rvc. Sat.  A c d .  Sei.. E7.R.d. 71. 

Bishop, J. M., Levinson, W. IC., Qiiiritrell, N., SIIIIIVHII, D., b'ansfiic.v, I,. K: Jackson. . I .  
3560-3564. 

(1370). Virology, 42, 182-195. 




